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A B S T R A C T   
Tribofilms are activated using precision sliding strip microscale tribometry with a base and a fully formulated 
lubricant with a ZDDP anti-wear additive. The employed tribometry uses combined pressure, shear and tem-
perature activation. The chemical compositions of the formed tribofilms are ascertained through use of Photo-
electron X–ray Spectroscopy (XPS). Nanoscale frictional measurements of the tribofilms are reported using fluid 
cell lateral force microscopy (LFM). The measured coefficient of interfacial boundary shear strength is used with 
analytical contact mechanics to relate the in-situ conditions to the activation energy components of the Eyring 
potential cage model. The paper shows that combined LFM and the Eyring model can explain the variations in 
the frictional characteristics of formed tribofilms.   
1. Introduction 
Automotive lubricants typically comprise 85–90% base oil and 
10–15% chemical additives [1], including anti-wear agents, friction 
modifiers, dispersants, detergents and oxidation stabilisers, as well as 
corrosion inhibitors [2]. Zinc dialkyldithiophosphates (ZDDP) is one of 
the most commonly used anti-wear additives in engine lubricants, as 
well as hydraulic and transmission fluids. Mechanism of ZDDP tribofilm 
formation is widely studied, including through hydrolytic action [3,4], 
thermal decomposition [5,6], catalytic surface adsorption [7] and 
oxidation [8]. Bovington and Dacre [7] measured the absorption and 
desorption of a ZDDP tribofilm on an EN31 steel surface in the presence 
of iron powder as a catalyst. They showed that adsorption and desorp-
tion of a tribofilm follows first order reaction kinetics, and that its 
associated processes are not dependent on stirring the solution. Wil-
lermaet et al. [8] studied various mechanisms and steps in the formation 
of ZDDP-based tribofilms on metallic surfaces. They showed that an 
anti-wear tribofilm forms by adsorption of ZDDP onto a surface, chem-
ically reacting in order to form phosphothionates and phosphate-based 
compounds which chemically bond to the surface. 
The growth of a tribofilm and its removal from metallic surfaces 
follows the perpetual competitive processes due to the nature of chem-
ical reactions and wear. Watkins [4] used a highly oxidised iron surface 
in the presence of a ZDDP solution in order to study the mechanism of 
tribofilm formation on typical metallic engine components which inherit 
oxide layers. They showed that zinc phosphate physically adsorbs, 
whilst iron sulphide chemically reacts with surface materials. Further-
more, the thickness of the ZDDP tribofilm was shown to depend on 
various parameters, including the prevailing contact pressure, generated 
temperature, sliding time and shear rate [9]. 
The nanoscale modulus of elasticity of surfaces, including a tribofilm 
is another influential parameter in predicting the frictional character-
istics. For nanoscale surface features, this parameter is obtained using 
Lateral Force Microscopy (LFM). This parameter is also one of the key 
parameters in defining the real (effective) area of contact. Therefore, 
determining the elasticity of tribofilms in physical scale of interest is 
quite important [10–14]. Aktary et al. [10] measured the elasticity of a 
ZDDP tribofilm through nano-indentation for an applied load range up 
to 100 μN. They produced the tribofilms by sliding a stainless-steel pin 
on a 52100-steel surface. The average measured nanoscale modulus of 
elasticity of the tribofilm was reported to be 92.6 GPa. Nicholls et al. 
[11] used a high frequency friction measurement instrument to generate 
ZDDP tribofilms on AISI 52100 steel and A319 aluminium samples. The 
average nanoscale modulus of elasticity was measured at the centre of 
the discs and reported to be 53.7  14.7 GPa, whilst on the edges of the 
discs this value raised to 112.4  18.5 GPa. Pereira et al. [12] also used a 
high frequency tester to analyse a wear scar on a 52100-steel sample 
with a ZDDP tribofilm. The test was conducted at temperatures ranging 
from 25 C to 200 C. It was observed that the measured nanoscale 
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modulus of elasticity was consistent up to a temperature of 150 C, with 
an average value of 100 GPa. This dropped to 75 GPa when the tem-
perature reached 200 C. Umer et al. [13] characterised the frictional 
performance of various cylinder liner materials for internal combustion 
engine applications through LFM. The modulus of elasticity was 
measured through force-distance curves, using a RTESP-525 AFM probe. 
They measured reduced elastic modulus for the surfaces under investi-
gation in the range 92  5 GPa to 180  3 GPa for the various metallic 
and ceramic coatings of choice for cylinder liners of internal combustion 
engines. Umer et al. [14] developed a methodology to characterise the 
tribofilm derived from fully formulated engine lubricants. The 
ZDDP-based tribo-film was generated on AISI 4140 steel specimen, using 
a precision sliding strip tribometer. They measured the combined elastic 
modulus of the ZDDP tribofilm to be 107  7 GPa. 
In lubricated sliding contacts a certain amount of energy is required 
for the initiation and continuance of sliding motion. The energy required 
for activating the reactions between the lubricant additives and the 
contacting surfaces can be explained through use of a thermally- 
activated cage model. Briscoe and Evans [15] used organic mono-
layers of carboxylic acid on an atomically smooth mica surface, depos-
ited as a Langmuir-Blodgett layer [16] through dipping the mica surface 
into a carboxylic solution. The layer was then compressed with a load of 
25 mN/m, ensuring stabilisation of a monolayer on the surface. A fric-
tion apparatus was used to measure the frictional characteristics of 
monolayers at various temperatures, sliding velocities and applied 
contact loads. They showed that fluid molecules need certain amount of 
energy to undergo dislocation and continuance of sliding motion rela-
tive to any neighbouring molecules. A Thermal activation cage model, 
based on Eyring’s theory was developed to include thermal, pressure 
and shear components of the total activation energy. Chong and Rah-
nejat [17] applied the same theory to identify the relevant components 
of the activation theory for both base and fully formulated 10W40 lu-
bricants on alloy steel and nickel silicon carbide samples with different 
surface finishes. They used an AFM probe with stiffness of 0.35 N/m and 
tip radius of 60 nm to measure nanoscale friction. Friction was measured 
in the presence of a lubricant along and across the ridges of 
cross-hatched honed samples, typical of cylinder liners. The nanoscale 
friction was measured using LFM and relative comparison of thermal, 
shear and pressure activation energy components of the thermally 
activated cage model were determined in an attempt to explain the 
observed frictional characteristics of the fully formulated lubricants. Ku 
et al. [18] also used the Eyring’s activation energy model to describe 
measured friction of two ultra-smooth wedge pairs in relative sliding 
motion, entraining various fluids, including Hexadecane and Squalane. 
Spikes and Tysoe [19] reported on the theoretical models developed 
by Prandtl-Tomlinson [20] and Eyring [21] to understand the physical 
phenomena associated with the boundary friction, tribo-chemistry and 
wear. Furlong et al. [22] developed a theoretical model, based on the 
Prandtl-Tomlinson model [20] to investigate the effect of temperature 
and velocity on sliding friction. Ewen et al. [23] studied the 
non-equilibrium molecular dynamic simulations of frictional charac-
teristics of n-hexadecane on the hematite surfaces in the presence of 
organic friction modifiers. They investigated the effect of slip length, 
pressure and shear rate on the measured friction. The simulation study 
was carried out for shear rates of 108 to 1011 s  1 and showed increasing 
slip lengths with shear rate and contact pressure. It was also observed 
that the slip length is longer in the cases where the surface had high 
h-hexadecane coverage and that the measured friction had a strong 
dependence on the slip length. 
Bouhacina et al. [24] studied the nanoscale frictional characteristics 
of silica wafers, 3-Ethoxysilane grafted on silica wafer and polyacetylene 
grafted on 3-ethoxysilane, using LFM at sliding velocities in the range 
102 to 104 nm=s. They used three AFM probes with spring constants of 
0:12; 0:58 and 0:38 N=m respectively. They also used the Eyring model 
to interpret their measured friction results and determine the Eyring 
parameters. The characteristic velocity and shear activation volume 
were estimated to be 100 m=s and 0:2nm3 respectively for all the 
samples. The barrier height and shear strength of the samples were 
estimated and their dependence on the sliding velocity and activation 
volume were determined. Additionally, the Eyring energy parameters 
were shown to be independent of the nature of the AFM probes used in 
the study. Müser [25] also studied the dependence of measured friction 
on the velocity and temperature using the Prandtl-Tomlinson (PT) 
model [20]. The molecular dynamic simulation was used to numerically 
solve the Langevin equation for the PT model for up to 6th order of the 
sliding velocity and 2nd order of temperature variation. They observed 
that the transition in friction from a linear variation to the Coulombic 
type occurred at intermediate temperatures. The results indicated that 
friction has strong dependency on sliding velocity at higher tempera-
tures, but variation of friction with velocity is negligible at low tem-
peratures. Fusco and Fasolino [26] investigated the atomic scale friction 
and its dependence on the sliding velocity in 1-D and 2-D Tomlinson 
models. They studied the effect of damping (AFM probe), dimension (1 
and 2 D), and temperature variation (athermal and finite temperature) 
on friction-sliding velocity relationship. The effect of damping was 
found to be important at higher velocities, indicating the variation of 
atomic scale slip on number of lattice points affecting the measured 
Nomenclature 
A Contact area [m2] 
CF Calibration factor [  ] 
E Potential barrier [KJ/mol] 
Ff Friction [N] 
FN Normal contact force [N] 
E1 Modulus of elasticity of the AFM tip material [Pa] 
E2 Modulus of elasticity of the sample surface material [Pa] 
E* Combined modulus of elasticity [Pa] 
KB Boltzmann constant [KJ/mol K] 
P Contact pressure [m] 
Q Activation Energy to initiate sliding [KJ/mol K] 
R AFM tip radius [m] 
Rpk Reduced peak height roughness 
T Operating temperature [K] 
v Sliding velocity [m/s] 
v0 Characteristic velocity [m/s] 
Greek Letters 
θ Contact angle [] 
τ Shear stress [Pa] 
v1 Poisson’s ratio of the AFM tip material [  ] 
v2 Poisson’s ratio of the sample surface material [  ] 
μ Coefficient of friction [  ] 
φ Shear activation volume [m3] 
Ω Pressure activation volume [m3] 
Abbreviations 
AFM Atomic Force Microscope 
BO Base oil 
DMT Derjaguin-Muller-Toporov 
FF Fully Formulated lubricant 
LFM Lateral Force Microscopy 
RMS Root Mean Square 
ZDDP Zinc dialkyldithiophosphates  
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friction. 
The above review of literature shows that most studies have been 
concerned with experimental measurement of the effect of governing 
parameters such as shear rate, contact temperature and applied pres-
sures upon the formation of a tribofilm, with particular emphasis on 
ZDDP and MoS2 and their variants (as discussed above). Hitherto, a 
comprehensive friction model does not exist which would allow for 
prediction of friction of adsorbing/desorbing tribofilms on various sur-
faces. The Eyring activation model [21], based upon the transition state 
theory and physio-chemical principles provides a good means of relating 
measured shear/frictional characteristics to adsorption of boundary 
active additives through determination of energy barriers for activation. 
The current study characterises engine lubricants’ frictional behaviour 
at nanoscale using the Eyring’s activation energy concept. A base oil 
(BO) and a fully formulated (FF) lubricant are used in the study. A tri-
bofilm is activated and formed on the specimen surfaces through me-
chanical activation, using a precision sliding strip tribometer. 
Subsequently, LFM is used in the presence of a lubricant (wet LFM) to 
measure the nanoscale surface friction. Eyring energy thermal activation 
model is integrated with a contact mechanics model to understand the 
boundary film behaviour for both BO and FF at various applied normal 
loads and sliding velocities. Pressure, shear and thermal activation en-
ergies in the Eyring energy model are shown to vary with the test con-
ditions, primarily due to the nature of the molecules within the sliding 
contact. 
2. Theoretical model 
The theoretical model comprises a contact mechanics model to 
predict the expected contact stresses, which are required to determine 
the activation energies and associated parameters for the Eyring acti-
vation model as highlighted by Briscoe and Evans [15]. 
2.1. Contact mechanics 
To determine the area of contact for the LFM measurements, an 
appropriate contact mechanics model is required. The contacts with 
non-negligible adhesive component have been studies by Bradley [27], 
Derjaguin et al. [28], Johnson et al. [29] and Maugis [30]. Those with 
negligible adhesion are broadly dealt with the classical Hertzian theory 
[31]. With the presence of lubricant in wet LFM tests reported here, the 
work of adhesion is negligible, and use of classical Hertzian theory is 
upheld. The adhesion map of Johnson and Greenwood [32] is used to 
determine the appropriate contact mechanics theory for the wet LFM 
tests (noted as BO and FF points in Fig. 1). The load parameter (P) is the 
ratio of applied normal load to the measured adhesive force at the AFM 
tip surface conjunction: P  FNπwR, where, FN is the applied normal load, w 
is work of adhesion and R is the tip radius. The Tabor or elasticity 
parameter λ) is given as: λ  1:16
 
Rw2
E*2z30
!1=3
, where E* is the combined 
elastic modulus, and z0 is the atomic separation at equilibrium. The 
force of adhesion, measured through the force-distance curve for the BO 
and FF lubricants samples are 0.07 nN and 0.04 nN respectively. The 
subsequent values for the work of adhesion (w) for the BO and FF 
lubricant samples are 3:47 10  4 J and 2:07 10  4 J respectively. The 
values for atomic separation at equilibrium (z0) is considered to be 0.4 
nm in the range discussed by Jacob et al. [33]. The load parameters 
measured for the base and fully formulated oil samples were 4:17 103 
and 6:28 103 respectively. The corresponding calculated elasticity 
parameters are 1:78 10  3 for the base oil (BO) and 1:26 10  3 for the 
fully formulated lubricant (FF) samples for the experimental conditions 
for the fluid cell (wet) LFM. Fig. 1 shows that with the presence of both 
fluids, Hertzian contact mechanics can be used, thus: 
A π
3RFN
4E*
2=3
(1)  
where, R is the radius of the tip of the AFM probe, FN is the normal 
applied load and E* is combined (reduced) modulus of elasticity of the 
sample and the silicon nitride tip [34]: 
E*
1   ν21
E1

1   ν22
E2
  1
(2) 
The average shear stress and contact pressure are obtained as: 
τFf
A
(3)  
P
FN
A
(4) 
Fig. 1 also shows 2 measurement points for dry pre and post trib-
ometry samples, described in subsection 3.4. In both cases, the DMT 
contact mechanics theory is used. 
The procedure to measure the modulus of elastic of the sample sur-
face for both pre-tribometry virgin samples and post tribometry samples 
with an adsorbed tribo-film layer is described in subsection 3.4. 
2.2. Eyring activation potential cage model 
Interaction of contiguous surfaces in boundary regime of lubrication 
can be explained through the activation energies which overcome a 
cage-like potential barrier as shown in Fig. 2. The average time required 
for a single molecule to overcome this potential barrier is assumed to 
conform to a Boltzmann distribution [21]. The barrier is present due to 
the interactions with the neighbouring molecules. All molecules need to 
overcome this energy barrier for any dislocation and subsequent 
Fig. 1. The test conditions for wet LFM within the adhesion map.  
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continuance of motion. The energy barrier is overcome due to prevailing 
temperature and generated contact pressures and shear [15]. 
The potential barrier; E with the components of activation energy to 
initiate sliding; Q, and contributions due to generated pressures; PΩ, and 
shear; τφ can be described as: 
EQ PΩ   τ∅ (5)  
where, Ω and φ are pressure and shear activation volumes, respectively. 
The contact pressure, P increases the barrier potential, but shear reduces 
the effort required for relative sliding of contacting solids. These acti-
vation energy components in the sliding motion would increase or 
decrease with respect to the state of thermodynamic equilibrium and 
can result in either positive or negative components of pressure and 
shear activation energies [15,17,35–37]. The Eyring shear stress asso-
ciated with energy barrier components can be described by Refs. [15, 
17]: 
τ ∅ KbT ln

v
v0

 QPΩ (6)  
where, Kb is the Boltzmann constant, T is the operating temperature and 
v is the sliding velocity. v0 is a characteristic constant velocity with a 
value of 20 m=s. This is estimated from the product of molecules 
vibrational frequency (about 1011 s  1 and the lattice constant (0.2 
nm). The calculation of Eyring energy parameters is quite insensitive to 
the estimated value for the characteristic velocity as discussed by Bris-
coe and Evans [15]. The dependency of the barrier cage model on the 
variation in estimated characteristic velocity is quite insignificant [15, 
24]. Furthermore, the shear stress can be described as a function of 
sliding velocity and contact pressure for an isothermal case as [15,38]: 
τ τ0 
Ω
∅ P (7)  
τ τ1 
KbT
∅ ln v (8)  
where: 
τ0
1
∅

KbT ln

v
v0

Q

(9)  
and: 
τ1
1
∅ QPΩ   KbT lnv0 (10) 
These are the shear stress components at constant pressure and 
sliding velocity respectively. 
The coherence length using the shear stress activation volume is 
determined as [39]: 
l
φ
A
(11)  
where, A is the Hertzian contact area. Using the graph representing the 
measured friction against logarithm of sliding contact velocity, using the 
best linear fit to the associated data, it is possible to determine the slope 
(KbT=∅ in equation (8). This slope is further used to find the shear 
activation volume with known values of Boltzmann constant, Kb and 
contact temperature, T. Then, equation (7) is used to find the slope Ω=∅, 
which is essentially the gradient of shear stress-contact pressure varia-
tion. This slope is then used to determine the pressure activation volume 
Ω using the already obtained value for the activation shear volume. The 
slope Ω=∅ in equation (7) is related to the coefficient of friction by the 
relationship [40]: 
μ τ0=PΩ=∅ (12) 
Finally, the required activation energy for the sliding motion; Q, is 
determined, using equation (9). 
3. Experimental investigations 
This section provides the specifications for the lubricant and spec-
imen surfaces as well as the procedure for activation of lubricant addi-
tives and the formation of a tribofilm through tribometry. The lateral 
force microscopy (LFM) is also used to determine the nanoscale friction 
as well as the modulus of elasticity of various sample surfaces, including 
any formed tribofilm layers. 
3.1. Preparing the samples 
The sample used for all the flat specimens is made of AISI 4140. A 
base oil (BO) without the presence of any additive, as well as a typical 
fully formulated 5W30 engine lubricant (FF) are used for the various 
tribometer tests. The elemental composition of the lubricant formulation 
is given the in Table 1 and the rheological properties for the base oil and 
the fully formulated lubricant are provided in Table 2. 
3.2. Generation of adsorbed layers through tribometry 
A precision sliding strip tribometer (Fig. 3) is used, where a thin strip 
(D) with a contact face profile representing a typical piston compression 
ring is loaded (H) against a flat specimen surface (E) and slides via a 
precision backlash free leadscrew (B) relative to it. The generated con-
tact pressures and sliding velocity (via an electric motor, A) are repre-
sentative of the prevailing conditions at the top dead centre reversal of 
high-performance race engines in transition from the compression to 
power stroke. The contact of the sliding strip with the flat specimen is 
lubricated, with the specimen attached to a floating plate (C). The in-
ertial dynamics of the floating plate is resisted by contact friction, which 
is measured by high precision piezoelectric sensors (F). The encoder (G) 
provides precise measurement of travelled distance by the loaded strip. 
More detailed description of this tribometer is provided elsewhere [41, 
42]. 
Friction measurement was conducted at room temperature after 
thorough cleaning of all the samples and the sliding strip counter faces. 
2 ml of lubricant was applied onto the surface of the specimen and 40 
reciprocating strokes of the strip were conducted for each test. The 
purpose of using this limited number of strokes was to avoid any notable 
change in the surface topography of the specimens through wear. 
Fig. 2. Schematics of thermally activated energy barrier.  
Table 1 
Main elemental composition of the fully formulated 5w30 
lubricant.  
Elements Concentration [ppm] 
Sulphur 2600 
Calcium 1980 
Zinc 900 
Phosphorus 780  
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Table 3 lists the salient operating conditions. The procedure is further 
explained in Ref. [14]. 
3.3. Lateral force microscopy (LFM) 
Nanoscale friction was measured at the asperity scale using a Veeco 
Dimension 3100 atomic force microscope (AFM), operating in lateral 
force mode (LFM, Fig. 4) [43–50] in the presence of lubricant. The AFM 
tip was contained in a fluid cell, keeping the inlet meniscus sufficiently 
far away from the tip to guard against any capillary adhesion (Fig. 4). 
Friction was measured in lateral force mode using the trace minus 
retrace (TMR) method, where the AFM tip is scanned in the direction 
perpendicular to the tip cantilever [43]. The tip radius was characterised 
before each friction measurement by scanning a sample of known 
topography (TGT1: NT-MDT). The TGT1 characteriser is a Silicon wafer 
grating of sharp featured tips with 0.3–0.5 μm heights in periodic 
spacing of 3 μm. The AFM probe used for the measurement is scanned on 
the TGT1 grating, using a scanning area of 10 10μm2 with a very slow 
scanning frequency of 0.25 Hz. Subsequently, the AFM tip radius is 
measured, based on the height image generated by the TGT1 grating. 
Each measurement was conducted with a new calibrated tip, using the 
blind calibration approach, highlighted in Refs. [49,50]. A mono-
crystalline Si3N4 sample with the known coefficient of friction of 0.19 
[17,47,50] is used to calibrate the tip frictional response. Lateral force 
measurements were conducted over a scan area of 1 1μm2 with 
DNP-10 tip-B, having a nominal spring constant of 0.12 N/m. The area is 
initially scanned under dry conditions and thereafter, the lubricant was 
carefully added to the contact. The average surface roughness and the 
root mean square roughness were measured for the AISI 4140 steel 
sample before LFM under nominally dry contact conditions to be 6.78 
0.87 nm and 8.77  1.13 nm respectively. Although it is anticipated that 
the evaluation of Eyring energy parameters presents a combined effect 
of the surface roughness and molecular motion, the effect of surface 
roughness on the variation in the activation energy components is 
deemed to be insignificant as surfaces with similar topographies are 
used for both lubricant types. A wet-AFM holder was used with sufficient 
lubricant carefully added to the tip-sample interface in order to maintain 
a meniscus around the tip holder. This keeps the capillary forces away 
from the scanned area [51]. The controlled ambient conditions (20  2 
C and 50  5% RH) were maintained for all the experiments. The 
calibration factor, CF, was determined for the tip using [49,50]: 
CF 
Ff V
FN nN  0:19
(13)  
where the measurements in voltage output are converted to nN. 
The measured data was curve-fitted with the best polynomial fit to 
determine the calibration factor. This factor provides the response of the 
AFM tip in use. Friction is then determined for any sample using: 
Ff nN 
Ff V
CF
(14) 
The maximum standard error for the AFM/LFM measurements, 
conducted on the current set up of the Veeco dimensional 3100 AFM has 
already been reported to be negligible previously for both dry and wet 
LFM with values of 0.9 nN [13] and 0.4 nN [14] respectively. 
As sharp changes in local surface topography can affect the nanoscale 
frictional measurements, experiments for each sample were carried out 
in a number of locations. Furthermore, care was taken to select areas for 
LFM through initial topographical measurements (Fig. 4) in order to 
avoid, as far as possible, any sharp contours/undulations. 
3.4. Nanoscale elasticity 
Clearly, post-tribometry a tribo-film is formed on the surface of the 
samples, when the fully formulated lubricant is used. The modulus of 
elasticity of the tribo-film is clearly not that of the parent virgin steel 
substrate. Measurement of this modulus of elasticity of the sample sur-
faces with a tribofilm is required in order to use the Hertzian contact 
Table 2 
Rheological data for the lubricant samples.  
Lubricant Sample Parameter Values 
Base oil Density at 15 C 0.835  0.001 g=ml  
Kinematic viscosity at 40 C 19.7  0.1 cSt  
Kinematic viscosity at 100 C 4.3  0.1 cSt  
5W30 lubricant Density at 15 C 0.846  0.001 g=ml  
Kinematic viscosity at 40 C 52.1  0.1 cSt  
Kinematic viscosity at 100 C 9.5  0.1 cSt   
Fig. 3. The sliding strip tribometer to generate and characterise the tribo-film.  
Table 3 
Parameters for slider rig tribometer testing.  
Parameters Values [units] 
Sliding speed (13.0–27.0)  0.2 [mm/s] 
Load 777  9 [N/m] 
Stroke Length 23.0  0.1 [mm] 
Width of sliding strip 32.00  0.01 [mm]  
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theory described in section 2.1 (equation (1)). This localised elastic 
modulus is measured by a force-distance curve, which is subsequently 
used in the Eyring energy activation model. The elastic modulus is 
measured for each sample under dry contact condition, post tribometry 
and after the removal of the lubricant using petroleum ether and sub-
sequent atmospheric drying of the surface. Therefore, the sample sur-
faces only comprise any tribo-film layers. To determine the nanoscale 
modulus of elasticity of the sample surfaces for the range of desired 
normal loads, force-distance (FD) curves created using AFM measure-
ments are analysed. The elastic modulus measured through the FD curve 
presents the material elasticity at a normal load of a few hundred nN. It 
should be noted that a conventional nano-intender measures the 
modulus of elasticity at normal loads much higher than this range of 
applied loads [13,14,44], but includes the reaction of substrate material 
as well as any overlaid tribo-film, therefore the measurements cannot be 
confined to the tribofilm layer in the case of nano-indentation methods. 
The FD curve using LFM, however, is created for the outermost layer of 
the surface, ideally only for any formed tribofilm layer. A tip with a 
cantilever stiffness of 200N=m is used for this purpose. Clearly under dry 
contact conditions both the virgin sample and the post tribometry 
samples with a tribo-film exhibit a certain degree of adhesion as shown 
in Fig. 5 force-displacement traces. The load parameters measured for 
the pre tribotest dry steel and post tribotest dry tribofilm surfaces are 
5.19 and 20.8 respectively. The corresponding calculated elasticity pa-
rameters are 3:11 10  2 for the pre-tribotest dry steel and 1:23  2 for 
post tribotest dry tribofilm for the dry force-distance analysis (Fig. 5). 
The relevant values of load parameters and elasticity parameters for the 
both pre tribotest dry steel and post tribotest tribofilm, with the mea-
surement points shown in the adhesion map of Fig. 1 resides in the DMT 
region. Therefore, nanoscale modulus of elasticity is determined using 
the DMT theory. 
The pull-off force in the retraction force-distance curve (Fig. 5) 
shows the presence of adhesion in the dry measurements through use of 
tip B of DNP 10. The pull-off force measured for the case of the tribo-film 
is less than that of the virgin steel samples (pre-tribometry). N= m Pre-
cise measurements were carried out for the purpose of measuring elastic 
modulus of surface with a stiff RTESP-525 rectangular tip (k  200 N=
m) for both cases to reduce the effect of the cantilever stiffness over a 
large range of samples. The results show a combined (reduced) modulus 
of elasticity of 121  6 GPa for virgin steel samples against the silicon 
nitride tip (equation (2)) and 107  7 GPa for all samples with a formed 
tribofilm. The details of the measurement procedure can be found in 
Refs. [13,14]. 
4. Results and discussion 
The fluid cell lateral force microscopy (wet LFM) is conducted with 
the lubricated samples after the formation of a ZDDP-based tribofilm 
activated through tribometry. The experimental methodology for the 
formation and characterisation of ZDDP tribo-film is briefly explained in 
section 3.2 and in detailed elsewhere [14]. The tribometer also in-
corporates a floating plate upon which the lubricated sample is moun-
ted. The assembly is drag by the sliding strip, the inertial dynamics of 
which is resisted by contact friction. In this manner the piezoelectric 
load cells directly measure friction. The measured friction traces for the 
cases of base oil (BO) and fully formulated lubricant (FF) are shown in 
Fig. 6. The average value of coefficient of friction for the fully 
Fig. 4. Nanoscale frictional measurement using wet LFM.  
Fig. 5. Dry LFM-measured force-distance curves for virgin samples and those 
with a tribo-film. 
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formulated lubricant is observed to be higher than that for the base oil 
by a factor of 0.02. This increase in friction is due to the formation of a 
ZDDP-derived tribo-film as also noted in Ref. [14]. The presence of 
bonded elements as constituents of the activated tribofilm on the steel 
sample surfaces is ascertained by removing the hydrocarbon residue 
through a standard cleaning process using petroleum ether. X-ray 
Photoelectron spectrometry (XPS) is used for elemental analysis of the 
tribofilm layer for samples using base oil or the fully formulated 5W30 
lubricant as shown in Fig. 7. The presence of Zn2p3, S2p, P2p in the XPS 
analysis for the post tribotest for fully formulated lubricant in Fig. 7 
shows the generation of a ZDDP-based tribofilm on the surface through 
tribometry, in line with the findings of [14,52,53]. The presence of 
calcium in the tribofilm shows the formation of calcium-based detergent 
tribofilm on the surface in line with [54,55]. 
The fluid cell LFM results for the base and fully formulated lubricant 
samples are shown in Fig. 8. The results shown are for tip sliding ve-
locities in the range 2.5–20 μm=s and at an applied normal load range of 
18–40 nN (equivalent to a Hertzian contact pressure of 3.3–4.1 GPa). 
The normal loads are different for both lubricants due to the blind 
calibration technique adopted for LFM as explained in section 3.3. The 
average tip radius measured through the TGT1 calibrator was 22 nm for 
the LFM analyses. The measured friction results show that at all the 
tested sliding speeds, the fully formulated lubricant generates higher 
friction with relatively similar contact loads. This can be attributed to 
the existence of anti-wear additives such as ZDDP in the fully formulated 
lubricant, which was examined through XPS and also noted in Refs. [14, 
52,53]. 
The shear stress is obtained, based on the results in Fig. 8 considering 
a Hertzian contact area, as explained in section 3.3. The variation of 
shear stress with speed at different normal loads is shown in Fig. 9. 
The nanoscale modulus of elasticity of the tribo-film and steel sample 
were measured with the procedure highlighted in section 3.4. The 
calculated combined (reduced) elastic modulus for the sample and the 
tribofilm is listed in Table 4. The measured elastic moduli are used to 
calculate the Hertzian contact area in each case and subsequently 
determine the generated contact pressures and shear stresses from the 
LFM measurements using equations (3) and (4), respectively. 
Note that the elastic modulus of the AFM tip monocrystalline Si3N4 
sample is 310 GPa with a Poisson’s ratio of 0.2 (for equation (2)). 
The coherence length, determined through equation (11), is shown 
for the tested loads and for both base and fully formulated lubricants in 
Fig. 10. The coherence length represents either the length of a liquid 
segment, molecules or a dislocation which translates through the sliding 
process. In this process, a low entropy boundary layer forms on the 
surface through structuring of the liquid segments [15,18]. The negative 
values for the base oil are due to a decreasing trend in shear stress with 
increasing sliding velocity for the base oil, resulting in a negative slope. 
However, the fully formulated oil exhibits a rising shear stress with 
increasing sliding velocity. To quantify these, the absolute values of 
coherence length are considered to compare the lengths for both the 
base and fully formulated lubricants. The results in Fig. 10 show a clear 
rise in stress activation length with contact pressure for the base oil and 
the fully formulated lubricant. The higher contact pressures cause long 
hydrocarbon chains to stretch and align with the sliding direction, 
resulting in a higher value of coherence length. This can also be 
explained on basis of shear-induced ordering of molecules at the sliding 
interface [56]. For the fully formulated lubricant and in the presence of 
ZDDP and other additives, the coherence length is shorter due to shorter 
molecular chains present during polymerisation and depolymerisation 
processes as explained in Ref. [57]. In this process the ZDDP-based tri-
bofilm formation involves depolymerisation, in which the phosphate 
chain length decreases to attain highly negative charge required to ex-
change Fe3 with the Zn2 ions and balance the reaction for the poly-
merisation process. This results in the formation of zinc-phosphate layer, 
overlaid by a mixture of short and long chain phosphate glass [57]. The 
result for the fully formulated lubricant is shown in Fig. 10. 
The parameters for the thermally activated cage model [15,16] are 
determined, following the procedure highlighted in section 2.2. The 
characteristic velocity, v0  20 m/s is used for both lubricant types. The 
shear and pressure activation energies, the energy to initiate the sliding 
motion and the energy barrier heights for the base and fully formulated 
lubricants are shown in Fig. 11. 
Shear activation energy can be associated with the energy required 
to initiate sliding motion. As it can be seen from Fig. 11a, the overall 
shear activation energy remains relatively constant within the sliding 
velocity range considered in the current study for both the base and fully 
formulated lubricants. Furthermore, for the base oil, the shear contri-
bution to the overall energy decreases with contact pressure (Fig. 11a) 
but remains negative for all the tested loads. This negative value of shear 
activation energy represents the presence of higher surface energy of 
adhesion [17,35]. The shear activation energy decreases with increasing 
contact pressure, thus indicating an increase in surface energy at higher 
loads due a decrease in separation between AFM tip and sample surface. 
The shear activation energy remains positive for fully formulated 
lubricant due to a reduction in the surface energy [58] because of the 
ZDDP-based tribofilm formation. However, the response of shear acti-
vation energies for the fully formulated lubricant shows a rise with 
contact load. This can be interpreted as a decreased potential because of 
reduced surface energy by ZDDP-based tribofilm with increasing normal 
loads. 
The pressure activation volume, Ω; can be linked to the local increase 
in volume, because of molecular motion [15,17]. However, the pressure 
activation energy is defined as the energy associated with the molecules’ 
ability to withstand applied load. This can be interpreted as the load 
bearing ability of the boundary film lubrication. The lubricants with 
higher load bearing capacity form thicker layers boundary films, which 
would increase separation of sliding surfaces and reduce surface energy 
[26]. The pressure activation energy values for the fully formulated 
lubricant show a slight increase in magnitude with rising sliding ve-
locity. This indicates the effect of additives in organisation of lubricant 
molecules and perhaps the transition from boundary to hydrodynamic 
regime of lubrication in the confined AFM tip -sample surface 
conjunction [18,59]. In case of fully formulated lubricant, the pressure 
activation energy is increasing with the normal load, forming a better 
boundary layer in presences of ZDDP-based tribofilm at higher loads 
[31]. The pressure activation energy is negative for the base oil at all the 
tested loads and sliding velocities. The load bearing ability of the base oil 
is quite poor due to an insufficient decrease in the surface energy. 
Furthermore, the pressure activation energy is more negative with an 
increase normal load. This is due to the AFM probe becoming closer to 
Fig. 6. Average tribometric measured coefficient of friction for the base oil and 
the 5W30 fully formulated lubricant. 
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the sample surface owing to poor load carrying capacity of the base oil. 
Therefore, higher surface energy and adhesion occurs at higher applied 
loads in the case of base oil (Fig. 11b). 
Energy required to initiate and continue sliding; Q shows a 
decreasing trend with sliding velocity for both the base and fully 
formulated lubricants (Fig. 11c). Generally, higher values of Q are 
observed for the fully formulated lubricant. This can be attributed to the 
presence of ZDDP molecules in the fully formulated oil, which results in 
higher frictional resistance at molecular level, and hence the require-
ment for more energy to initiate and continue the sliding motion [1,14, 
16]. The energy required for sliding in the fully formulated lubricant 
conjunction is relatively insensitive to the applied normal load. How-
ever, for the base oil a decreasing trend for Q with the normal load is 
Fig. 7. XPS analysis of the steel sample surfaces after tribo-film activation through slider rig tribometry with base and fully formulated oils.  
Fig. 8. Measured friction for base and fully formulated lubricants on steel 
sample surfaces at various normal loads and sliding speeds; FF: Fully formu-
lated, BO: Base oil. 
Fig. 9. Shear stress variation with the logarithm of sliding velocity for different 
applied normal loads for both the base and fully formulated lubricants; FF: Fully 
formulated, BO: Base oil. 
Table 4 
Combined (reduced) moduli of elasticity determined through force-distance 
curves of LFM.  
Combined (reduced) elastic modulus (E*)  Value GPa
Steel sample with no tribofilm (Pre-tribotest) 121  6 
Steel sample with Tribofilm (Post tribotest) 107  7  
Fig. 10. Stress activation length for fully formulated and base lubricants.  
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observed. This can be explained by the coherence length as discussed in 
the Fig. 10. As the coherence length increases with the contact load, 
hydrocarbon chains become restructured (stretched) [56]. As the result, 
the energy required to continue sliding for the base oil molecules is less 
at higher loads. Finally, the results for energy barrier height, E, are 
shown in Fig. 11d. The energy barrier has shown generally a decreasing 
trend with the sliding velocity for both base and fully formulated lu-
bricants. The energy barrier height for fully formulated lubricant is 
higher for all the tested loads than for the base oil. This shows that the 
presence of a ZDDP-based tribo-film increases the energy barrier height. 
5. Conclusions 
In the current study lateral force microscopy (LFM) is used to eval-
uate the frictional characteristics of a base oil and a typical fully 
formulated 5W30 engine lubricant. The sliding strip triobmetric tests are 
carried out on AISI4140 steel samples to produce an adsorbed layer of 
ZDDP-based tribofilm derived from the fully formulated 5W30 lubri-
cant. Measured friction is shown to be higher in the presence of the fully 
formulated 5W30 lubricant due to the presence of a ZDDP-based tribo-
film formed on the sample surfaces, as quantified by XPS elemental 
analysis. The results are explained, based upon an interpretation of the 
Eyring potential cage model. For this purpose, the associated energy 
parameters are calculated at different contact pressures and sliding ve-
locities. The coherence length derived from the shear activation volume 
for the base oil is shown to be larger than that for the fully formulated 
lubricant, possibly due to the presence of shorter chain lengths of Fe/Zn. 
The shear and pressure activation energy parameters do not change 
significantly with increasing rate of sliding but alter with the applied 
normal load to a certain extent. The base oil exhibits negative values of 
pressure and shear activation energies, which is an indication of higher 
residual surface adhesion. The fully formulated lubricant exhibits 
positive values for the shear and pressure activation energies, thus 
forming a better boundary layer of ZDDP- based tribo-film than the base 
oil. This also shows that the fully formulated lubricant provides better 
load carrying capacity in comparison to the base oil. The energy 
required to initiate and sustain sliding motion is shown to be higher for 
the fully formulated lubricant. The energy barrier height is observed to 
be higher in the case of fully formulated lubricant due to the presence of 
a ZDDP-based tribofilm. Thus, the observed values of higher friction at 
microscale in slider rig tribometry and nanoscale in fluid cell LFM [3,14] 
can be associated with the ZDDP-based tribofilms as shown in the 
Fig. 11d. 
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